A novel photoelectrochemical (PEC) assay was proposed for the specific detection of cysteine (Cys) based on the strategy of target-triggered generation of photosensitizer. The photosensitizer precursor, 1-(2,4-dinitrobenzenesulfonyl),2-dihydroxybenzene (1), was obtained by coupling 2,4-dinitrobenzenesulfonyl chloride with catechol (CA). In the presence of Cys, compound 1 can be specifically converted to CA which could coordinate on the surface of TiO 2 nanotubes (TiO 2 NTs) and act as effective photosensitizer. The resulted CA-decorated TiO 2 NTs displayed a significantly enhanced photocurrent response. Thus, an effecient Cys PEC assay was obtained with high sensitivity and selectivity. Moreover, the proposed strategy for the development of PEC assays by adapting the target-responsive photosensitizer precursor would provide a general format for versatile PEC sensing.
INTRODUCTION
As an essential amino acid and an important biothiol, cysteine (Cys) participates in many biological processes, such as protein synthesis, antioxidation, detoxification, signaling, cellular growth and death [1, 2] . On the other hand, abnormal level of Cys is implicated with a variety of diseases and syndromes, such as neurotoxicity, retarded growth rate, hair depigmentation, liver damage [3] [4] [5] . Thus, the development of efficient methods for the detection of Cys is urgently required to further elucidate its biological roles.
Photoelectrochemical (PEC) sensing is a newly developing and rapidly expanding analytical technique [6] [7] [8] . Due to the separation of excitation source (light) and the recording signal (current) and the resulted low background, PEC assays displayed excellent sensitivity. Moreover, the PEC assays inherit the advantages of electrochemical methods [9] [10] [11] , such as low cost, rapid analysis, and simple instrumentation. As a result, a large number of PEC sensors has been developed for various targets, such as enzymes [12] , nucleic acids [13] , proteins [14] , metal ions [15, 16] , and small molecules including cysteine [17] [18] [19] [20] [21] [22] [23] . But most these proposed PEC assays for cysteine are based on the direct oxidation of the target by the oxidized photosensitizers. Other reductive species in complex biological samples would interfere the photocurrent signal, and thus resulting inferior specificity of the assay. Previously, several strategies has been exploited to improve the selectivity of PEC assays, including adapting the specific antigen-antibody recognition [24] , nucleic acids recognition [25] , in situ introduction/generation of photosensitizers [26, 27] . The last strategy holds great potential for the development of high performance PEC sensors towards various analytes, as numerous photosensitizer precursors can be devised by properly introducing the recognition moiety of different target analytes.
Based on these above considerations, we reported herein a new PEC assay for the detection of Cys (shown in Scheme 1). TiO 2 nanotubes (TiO 2 NTs) electrode was firstly prepared by anodic oxidation of titanium foil. 1-(2,4-Dinitrobenzenesulfonyl),2-dihydroxybenzene (1) was designed and synthesized as a photosensitizer precursor for the recognition of Cys. The reaction of compound 1 with Cys would lead to the generation of catechol (CA) which can coordinate to the TiO 2 NTs electrode and serve as a photosensitizer. The resulted TiO 2 NTs-CA electrode could be effectively excited by visible light and generate a significantly increased photocurrent. The proposed PEC assay displayed high sensitivity and selectivity for Cys. Moreover, the proposed strategy of employing target-responsive photosensitizer precursor opens up new avenues for the construction of versatile PEC sensors. Scheme 1. Schematic illustrating the sensing mechanism of the proposed PEC assay for Cys.
EXPERIMENTAL

Chemicals and instruments
Titanium sheet was obtained from Sigma and was cleaned by sonicating it successively in acetone, ethanol, and deionized (DI) water, for 10 min each, followed by drying in an nitrogen stream. Other chemicals were analytical grade and received from commercial suppliers without further purification. The absorbance spectra were recorded with a Cary 60 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, USA). Mass spectrometry was performed on a Waters Xevo G2-S QTof™ mass spectrometer (Waters, Milford, MA, USA). Analytical HPLC was performed on a Waters ACQUITY BEH C18 column (2.1 × 50 mm, 1.7 μm, Agilent) with a Waters Acquity UPLC HClass system (Milford, MA, USA). Flow rate was 0.5 mL/min. Detection wavelength was set at 280 nm. Eluent components were water (A) and acetonitrile (B). The mobile phase gradient was as follows: the proportion of phase B increased from 50 to 75% in 2 min.
Preparation of the TiO 2 Nanotubes
TiO 2 nanotubes were prepared by a well-established two-step anodization process [28, 29] . First, anodization was conducted under ambient conditions (50 V, 2 h) in a solution of 2 vol% H 2 O and 0.3 wt % NH 4 F in ethylene glycol. Ti foil and graphite sheet were used as the working electrode and counter electrode, respectively. The resultant Ti sheet were thoroughly washed by H 2 O, dried with a stream of N 2 , and vigorously sonicated in ethanol to remove the surface layer. Then, anodization was repeated again (50 V, 30 min) to prepare the TiO 2 NTs. The obtained TiO 2 NTs were subjected to the same washing and drying procedures and finally calcined in air (450 °C, 1 h) to afford the TiO 2 NTs electrode.
Synthesis of compound 1
Scheme 2. Synthetic route for compound 1.
Compound 1 can be facilely obtained through a one-step reaction. Briefly, to a solution of catechol (110 mg, 1.0 mmol) and 2,4-dinitrobenzenesulfonyl chloride (266 mg, 1.0 mmol) in dichloromethane (10 mL) was added triethylamine (121 mg, 1.2 mmol). The mixture was stirred at room temperature overnight. Then solvent was removed under reduced pressure and the obtained residue was purified by column chromatography using dichloromethane/methanol (10/1, v/v) to afford the desired compound 1 as a white solid (282 mg, 83%).
Photoelectrochemical measurements
To a aqueous solution of compound 1 (1 mM, 1mL) was added with different concentrations of Cys, and reacted for 30 min at room temperature. During this process, compound 1 can be converted to CA, then TiO 2 NTs electrode was incubated with the above mixture for 10 min and gently rinsed with phosphate buffer. For PEC measurement, the obtained TiO 2 NTs-CA electrode was served as the work electrode, Pt wire and a saturated Ag/AgCl electrode as counter electrode and reference electrode, respectively. The electrolyte consisted of phosphate buffer (pH 7.4, 0.1 M) and 0.1 M ascorbic acid (AA), which acted as a sacrificial electron donor. The irradiation source was supplied by a fluorescence spectrophotometer (F7000, HITACHI, Tokyo, Japan). Photocurrent was measured on a DY2000 potentiostat instrument (Digi-IVY, Austin, TX). The bias voltage was set at 0 V.
RESULTS AND DISCUSSION
Characterization of TiO 2 NTs
The well-defined TiO 2 NTs was prepared by a two-step anodization approach. Figure 1 shows the SEM image of the as-obtained TiO 2 NTs, which exhibited a self-organized porous structure with good conformity in large scale. The magnified SEM image ( Figure 1B ) demonstrated that the average diameter of the nanotubes was ∼100 nm with a wall thickness of ∼10 nm. Figure 1C shows the crosssectional image of the self-ordered porous TiO 2 NTs with a length of approximately 3.5 µm. Such well-aligned one-dimensional structure would allow efficient directional charge transport within the arrayed tubes. As shown in Scheme 1, the sensing mechanism of the PEC assay relies on the reaction between 1 with Cys. Compound 1 features a 2,4-dinitrobenzenesulfonyl (DNBS) ester structure, which is a well-known reaction site for biothiols. We firstly inspected the feasibility of the reaction between 1 with Cys by UV-vis spectrometry and HPLC technique. Figure 2 shows the absorption spectra of CA and compound 1. CA displayed a weak absorption centered at 280 nm (ɛ 280 = 2.47×10 4 ), while compound 1 has a relatively strong red-shifted absorption at 295 nm (ɛ 295 = 2.04×10 5 ), which can be ascribed to the strong electron-withdrawing ability of DNBS and the resulting enhanced ICT (intramolecular charge transfer) effect within 1. From the HPLC tests (Figure 3) , it can be clearly seem that compound 1 displayed a single peat with Rt (retention time) at 0.71 min (Figure 3 , curve a). After incubation with Cys, a new peak at 0.27 min was appeared ( Figure  3, curve b) , which was identical to that of CA (Figure 3, curve c) . These results demonstrated that 1 can react with Cys to release CA. Figure 4A , curve a), and only showed weak photocurrent while illuminated by visible light ( Figure 4B and 4C, curves a), which can be ascribed to the intrinsic wide band gap of TiO 2 (3.2 ev, corresponding to ~390 nm). The TiO 2 NTs electrode treating with CA solution exhibited similar photocurrent response under ultraviolet light illumination (350 nm, Figure 4A , curve b), but displayed dramatically enhanced photocurrent when exciting by light with wavelength in the visible region ( Figure 4B and 4C, curves b) , which can be attributed to the formation of dopamine-Ti complex by the coordination of enediol ligands of CA to the surface Ti sites of TiO 2 .
Photoelectrochemical Measurements
When treating the electrode with a mixture of compound 1 and Cys, similar photocurrent response behaviors compared to that of CA were also observed ( Figure 4, curves c) . To diminish the interference photocurrent of pristine TiO 2 , we chose 450 nm as the excitation wavelength for the subsequent PEC tests.
We next exploited the PEC assay for the quantitative analysis of Cys. As shown in Figure 5 , the photocurrents are increased alone with the concentration of Cys. The calibration curve of photocurrent variation to different concentrations of Cys was also fitted ( Figure 5, inset) . The relative standard deviation at each concentration was less than 6%, indicating a favorable reproductivity of the assay. The dynamic range of Cys was found to be 2 ~ 100 μM with a correlation coefficient of 0.996, which can be expressed as photocurrent/μA = 0.04494[Cys] (μM) + 0.4932. The limit of detection (LOD) was calculated 0.65 μM (S/N = 3). This value is much lower than the contents of Cys in real samples (e.g. human serum). The selectivity of the assay to Cys was evaluated by testing these relevant species. From Figure  6 , the interferences such as various amino acids and ascorbic acid (AA) showed negligible photocurrent changes, indicating that the proposed assay possessed excellent ability against interference. Therefore, these results demonstrate a high selectivity of the proposed platform towards Cys.
The performances of the developed assay for Cys was compared with other recently reported PEC methods [17] [18] [19] [20] [21] [30] [31] [32] [33] (shown in Table 1 ). Most of these reported PEC methods were based the direct oxidation of Cys at the interface of the photoanode, so other reductive species (i.e. ascorbic acid, dopamine, glucose, uric acid and etc.) may lead to the generation interference photocurrent. Our assays, which is based on the specific Cys-triggered formation of photosensitizer, should exhibit superior compared to other assays on the aspect of selectivity. To further demonstrate the feasibility of the proposed method for real sample analysis, we measured the Cys content and its recoveries in a human serum sample. The concentration of Cys in human serum was determined to be 235.6 μM, which is in good agreement with the previously reported results [34] . This value also compares reasonably well with that we determined by UV-vis spectrometric analysis using the Ellman's reagent (213.4 μM) [35] . Both our method and the UV-vis spectrometry produced values that are well within the range of total serum Cys (174 ~ 378 μM) reported in the literature [36] . The accuracy of the assay was further evaluated by calculating recoveries of spiked Cys in human serum sample ( Table 2 ). The recovery of Cys at each concentration was statistically close to 100%, and all the determined concentrations were in good agreement with the values obtained from the standard Ellman's assay. Therefore, our method is accurate and applicable for the detection of Cys in a real sample.
CONCLUSION
In summary, a novel strategy was proposed for the construction of PEC assay by employing the target-responsive photosensitizer precursor. DNBS substituted CA (1) was designed as model a photosensitizer precursor for the recognition of Cys. The analyte can specifically react with 1 to release CA which can coordinate to the surface of TiO 2 NTs to form dopamine-Ti complex and generate sensitive photocurrent response under visible light illumination. The proposed PEC sensor exhibited high selectivity and sensitivity with a low detection limit of 0.65 μM. Moreover, the proposed sensing strategy can be further applied for the development of versatile PEC sensors for various targets.
